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FMRP is an RNA-binding protein that negatively regulates translation and which is lost in fragile X syndrome.
In this issue of Neuron, Deng et al. (2013) demonstrate a novel translation-independent function for FMRP as
a regulator of presynaptic BK channels that modulate the dynamics of neurotransmitter release.Fragile X syndrome is amonogenic neuro-
developmental disorder resulting from
a trinucleotide repeat expansion in the 50
untranslated region of the FMR1 gene.
Subsequent hypermethylation of this
region leads to silencing of the gene and
loss of its protein product FMRP (fragile
X mental retardation protein). FMRP has
been demonstrated to be an mRNA
binding protein that negatively regulates
a host of mRNA substrates, likely through
mechanisms involving ribosome stalling
and through association with microRNAs
(Wang et al., 2012). While the complete
details of its role in regulating translation
are still under investigation, elegant work
has identified many of the target mRNAs
that are regulated by FMRP (Darnell
et al., 2011). FMRP can bind to a large
number of mRNAs, but a significant pro-
portion of these encode for synaptic
proteins. Based upon this and the many
endophenotypes that have been estab-
lished in Fmr1 KO mice, the predominant
view has been that FMRP is localized to
dendrites, close to spines and synapses,
where it can rapidly regulate transla-
tion of synaptic proteins in an activity-
dependent manner. Additionally, therehas been a large focus on FMRP-group
1 mGluR interactions at the synapse
(Waung and Huber, 2009), further empha-
sizing the need to understand the post-
synaptic roles of FMRP in regulating
translation as a way of developing tar-
geted therapeutics.
The study in this issue of Neuron by
Deng et al. uncovers a novel and un-
conventional role for FMRP in directly
regulating the function of presynaptic ion
channels in axons that can ultimately
regulate transmitter release (Deng et al.,
2013). This is not the first study to propose
a role for FMRP beyond the postsynaptic
density or spine. FMRP has been local-
ized to growth cones of developing axons
(Antar et al., 2006) and has been
proposed to have presynaptic roles in es-
tablishing synaptic connections (Christie
et al., 2009; Hanson and Madison,
2007). Ultrastructural analysis of hippo-
campal CA1 synapses in Fmr1 KO mice
has revealed a reduction in the length of
active zones and a reduced density of
docked vesicles in the terminals, all
suggesting that FMRP plays a role in
the formation of mature presynaptic
terminals. Moreover, prior work from theauthors of this present study has provided
evidence of a functional alteration in
presynaptic neurotransmitter release in
mature Fmr1 KO synapses (Deng et al.,
2011). In that previous study, trains of
stimuli delivered to activate Schaffer col-
lateral synapses in the CA1 of the hippo-
campus produced greatly augmented
responses in Fmr1 KOmice at stimulation
frequencies above 20 Hz and most signif-
icantly during stimulation using a natural
spike pattern (Deng et al., 2011). This
increase in transmitter release was attrib-
uted to elevated Ca2+ influx during train
stimulation in synapses of the knockout
mice, although it was not apparent how
Ca2+ influx through voltage gated chan-
nels on the synaptic terminals might be
enhanced when FMRP is ablated (Deng
et al., 2011).
In the current edition of Neuron, Deng
et al. follow up on these previous observa-
tions by performing a comprehensive and
sophisticated group of experiments to
identify the mechanisms by which FMRP
might regulate neurotransmitter release
(Deng et al., 2013). They again use the
hippocampal Schaffer collateral synapse,
formed between the axons of CA3February 20, 2013 ª2013 Elsevier Inc. 601
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Figure 1. Schematic of Interaction between BKChannels and FMRP
FMRP associates with the b4 regulatory subunit to enhance Ca2+ dependent
activation of the channel during high-frequency AP trains, increasing
membrane repolarization and shortening AP width. Loss of this regulation in
Fmr1 KO mice broadens the action potential and increases neurotransmitter
release.
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Previewsneurons and CA1 pyramidal
neurons, as their model
system for understanding
presynaptic roles of FMRP.
Because the axons and termi-
nals themselves are not
accessible to electrophysio-
logical recording, most of the
measurements are made by
recording from the somatic
compartment of the presyn-
aptic CA3 neuron. In initial
experiments, the authors
demonstrate the width of
the action potential (AP)
broadens excessively in
Fmr1 KO mice when the CA3
neuron spikes at high fre-
quency. The duration of the
AP in the axon and terminal
is a critical determinant of
neurotransmitter release, and
therefore this observation is
key in demonstrating the
mechanisms underlying ele-
vated synaptic augmentationduring high frequency activity in the fragile
X mouse model. However, it is important
to resolve how FMRP acts, as many
potential mechanisms could explain AP
broadening in the knockout mice. To
address the question of mechanism, the
authors use disruption and reintroduction
strategies to determine if they can repro-
duce or rescue the AP broadening pheno-
type observed in the knockout mouse.
Introduction of the recombinant protein
fragment of FMRP directly into neurons
through the recording pipette fully re-
versed the excessive AP broadening in
knockout neurons, whereas introduction
of an antibody directed against FMRP
into wild-type CA3 neurons reproduced
the excessive AP broadening (presum-
ably by functionally uncoupling endoge-
nous FMRP from its signaling role). Taken
together, these experiments demon-
strate that FMRP normally acts to limit
AP broadening during high-frequency AP
trains, and these effects are translation
independent because protein synthesis
inhibitors do not block them.
AP duration is largely determined by the
activation of voltage gated potassium (K+)
channels and there are a large number of
possible channels that might mediate this
effect in CA3 neurons. To isolate these
channels, the authors first use a dynamic602 Neuron 77, February 20, 2013 ª2013 Elsclamp technique to ‘‘replay’’ the APwave-
form into neurons while blocking various
K+ conductances. Using broadly selective
blockers they isolated a TEA (tetraethy-
lammonium)-sensitive component that
was more suppressed during AP trains
in knockout recordings. Further phar-
macological isolation of this component
clearly determined that this conductance
was mediated by BK (big potassium)
channels, which are voltage- and Ca2+-
dependent K+ channels, identifying these
as the primary target of FMRP regulation.
While it is a surprising finding that
FMRP directly regulates an integral
membrane protein through a transla-
tion-independent pathway, there is prior
precedent for FMRP regulating K+
channels. The Kaczmarek laboratory pre-
viously provided evidence that FMRP
can bind to, and change the open prob-
ability of, a Na+ activated K+ channel,
Slack (Brown et al., 2010; Zhang et al.,
2012). In the present study, the authors
next asked how FMRP might dynamically
regulate BK channel function. These
channels are both voltage and Ca2+
dependent; therefore, the authors dis-
sected each of these properties and
demonstrated a specific effect on the
Ca2+ sensitivity of the channel. BK
channels are tetramers of the a pore-evier Inc.forming subunits, with b regu-
latory subunits that modify
the channels properties in-
cluding Ca2+ sensitivity. In
CA3 neurons, b4 is the
predominantmodulatory sub-
unit, and coimmunoprecipita-
tion experiments confirmed a
putative interaction between
FMRP and b4. Further confir-
mation of a functional coupl-
ing between FMRP and the
b4 subunit were obtained
using b4 KO mice, in which it
was demonstrated that the
effect of FMRP disrupting
antibodies on AP broadening
was lost, confirming that
FMRP regulates AP duration
by altering Ca2+ sensitivity of
BK channels via interaction
with the b4 regulatory subunit
(Figure 1).
Presynaptic action poten-
tial properties affect the
degree of activation of pre-synaptic voltage gated Ca2+ channels,
and thus regulate transmitter release. To
test whether FMRP regulation of AP width
did in fact alterCa2+dynamics, theauthors
directly measured presynaptic Ca2+ in
synaptic terminals using multiphoton
imaging. Disrupting FMRP-BK interac-
tionswith an intracellular FMRPdisrupting
antibody, they demonstrated that during
trains of stimulation elevated AP broad-
ening resulted in enhanced Ca2+ influx
into presynaptic terminals. Interestingly,
the presence of the antibody had no effect
on the Ca2+ currents themselves, demon-
strating a specific action of FMRP on BK
channels.
These observations begin to dissect
a novel and provocative mode of opera-
tion for FMRP in the brain, but the more
interesting question is how this might
modulate information transfer in the
normal or FMRP null brain. Synapses
that facilitate strongly during bursts of
presynaptic activity can behave as high-
pass filters, allowing the transfer of infor-
mation carried by high frequency spike
bursts. Loss of FMRP control of AP width
and subsequent elevation of short term
plasticity removes the specificity of this
filter and might allow transmission of
information at frequencies that would nor-
mally be filtered out as background noise.
Neuron
PreviewsThis elevated transfer of noise will be
detrimental to circuits that are required
to transmit only salient information
required for cognitive processes, and
could be the basis of the intellectual and
learning disabilities associated with
fragile X syndrome. This is an interesting
proposal but it is important to consider
this in the broader context of other
neuronal changes that might impact the
fragile X brain. Is loss of FMRP regulation
of BK channels likely to be a primary basis
for some of the behavioral phenotypes
associated with the disorder when there
are wholesale changes in protein transla-
tion, significant alterations in spine mor-
phology and a multitude of effects on
synaptic function and plasticity also
present when FMRP is absent? Thesequestions remain to be answered but
a better understanding of the roles of
native FMRP is a critical first step in deter-
mining how the brain is affected in fragile
X, and whether targeting specific sig-
naling pathways can reverse or alleviate
some of the symptoms of the disease.REFERENCES
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Cortical neurons use glutamate as a primary neurotransmitter, yet the mechanism through which glutamate
receptors regulate higher order cognitive functions is unclear. In this issue of Neuron, Wang et al. (2013)
report a previously uncharacterized role for NMDA NR2B receptors in driving mnemonic-related activity of
prefrontal neurons.The dorsolateral prefrontal cortex (dlPFC)
of primates and humans is arguably the
most evolutionarily advanced region of
the cerebrum, playing a critical role in
the integration of sensory and mnemonic
information that subserves higher order
executive processes. Networks of dlPFC
neurons display a somewhat unique
feature referred to as ‘‘delay-related’’
activity, generating persistent firing that
is thought to serve as a neural representa-
tion of remembered stimuli over a delay
period (in essence, linking information
across time). This activity is driven in
part from recurrent excitation within pyra-
midal cell microcircuits, occurs in the
absence of direct sensory stimuli and,unlike similar activity in other brain
regions, is resistant to distraction (Gold-
man-Rakic, 1995; Miller et al., 1996).
Thus, this region of the frontal lobes is
often referred to as the brain’s ‘‘mental
sketchpad,’’ wherein persistent activity
of dlPFC neural ensembles permits the
user to ‘‘hold in mind’’ and manipulate
multiple representations, which in turn
is believed to form the foundation of
abstract thought and a building block for
more complex functions.
Since their description by Fuster and
Alexander (1971), the mechanisms under-
lying the persistent activity of these delay
cells have been the focus of intense
scientific inquiry, using both empiricaland computational approaches. These
studies have elucidated key roles for
dopamine (Williams and Goldman-Rakic,
1995) and GABA (Rao et al., 2000) trans-
mission in modulating this activity.
However, given that cortical pyramidal
neurons utilize glutamate as a primary
excitatory neurotransmitter, it is some-
what surprising that there has been a rela-
tive paucity of research on the mecha-
nisms through which glutamate may
regulate this activity. Indeed, although
the contribution of glutamate transmis-
sion to classical forms of neural plasticity
has been well established, the manner in
which different glutamate receptors
regulate short-term fluctuations in theFebruary 20, 2013 ª2013 Elsevier Inc. 603
